A technique for compound specific analysis of stable carbon isotope ratios and 9 concentration of ambient volatile organic compounds (VOC) is presented. It is based on selective 10 VOC sampling onto adsorbent filled cartridges by passing large volumes of air (up to 80 L) 11 through the cartridge. The hydrocarbons are recovered by thermal desorption followed by two 12 step cryogenic trapping and then are separated by gas chromatography in the laboratory. Once 13 separated, individual VOC are subjected to online oxidation in a combustion interface and 14 isotope ratio analysis by isotope ratio mass spectrometry. The method allows measurements of 15 stable carbon isotope ratios of ambient aromatic VOC present in low pptV to ppbV levels with 16 an accuracy of typically better than 0.5 ‰. The precision of concentration measurements is better 17 than 10 %. Examples of measurements conducted as part of a joint Environment Canada-York 18 University (EC-YU) measurement campaign at a semi-rural location demonstrate that the ability 19 to make accurate measurements in air with low VOC mixing ratios is important to avoid bias 20 from an over-representation of samples that are strongly impacted by recent emissions. 21 22
of ozone as well as oxygenated and nitrated products that can contribute to the formation of 1 secondary organic aerosol (SOA) (Forstener and Flagan, 1997; Jang and Kamens, 2001 ). 2
In the atmosphere, VOC undergo various chemical and physical processes that lead to 3 their transformation, removal, transport and re-distribution (Atkinson, 2000; Helmig et al., 2008; 4 Jenkin and Clemitshawb, 2000; Parrish et al., 2007) . The majority of the presently used methods 5 use concentration measurements as an indicator of photochemical processing of VOC. However, 6
since mixing of air parcels of different origin is a complex and dynamic process, use of 7 concentration alone as a marker for photochemical processing is problematic (Parrish et al., 8 2007) . The interpretation of the results is quite challenging due to the complexity of atmospheric 9 processing and mixing, and thus many conclusions are made based on a substantial number of 10 assumptions (de Gouw et al., 2005; Gelencsér et al., 1997; Jobson et al., 1998) . The change in 11 relative composition of the ambient samples is considered to be a better indicator of chemical 12 processing, since the concentration ratios are less affected by physical mixing and dilution 13 Kleinman et al., 2003; McKeen and Liu, 1993; McKeen et al., 1996; 14 Parrish et al., 2007; Roberts et al., 1984; Rudolph and Johnen, 1990) , but still requires several 15 assumptions about the history of the studied air mass. It was recently shown that the use of the 16 stable carbon isotope ratios of VOC requires very few and easily tested assumptions and 17 therefore is more useful in providing insights into photochemical transformation and mixing of 18 VOC in ambient air (Goldstein and Shaw, 2003; Roberts et al., 1984; Rudolph and Czuba, 2000; 19 Rudolph et al., 2002; Rudolph et al., 2003; Rudolph, 2007; Stein and Rudolph, 2007) . 20
Measuring the isotope composition of VOC in the atmosphere is challenging due to the 21 high precision and accuracy necessary to derive meaningful information. Rudolph et al. (1997) 22 published a method for compound specific determination of the stable carbon isotopic 23 composition for atmospheric VOC at sub-ppbV levels. The uncertainty of measured isotope 24 ratios was close to 0.5 ‰, and Rudolph et al. (1997) suggested that further improvements in 25 method may allow a precision close to 0.1 ‰. Within several years different research groups 26 published results of stable carbon isotope measurements for a variety of atmospheric VOC 27 (Anderson et al., 2004; Czapiewski et al., 2002; Iannone et al., 2003; Iannone et al., 2005; Irei et 28 al., 2006; Norman et al., 1999; Rogers and Savard, 1999; Rudolph et al., 29 2003; Smallwood et al., 2002; Thompson et al., 2003) . Nevertheless, the number of publications 30 on isotopic composition measurements and their application is still quite limited due to the need 31 for elaborate and expensive experimental techniques and challenging data interpretation 32 (Eckstaedt et al., 2011; Fisseha et al., 2009; Giebel et al., 2010; Iannone et al., 2005; Iannone et 33 al., 2009 Iannone et 33 al., , 2010 Irei et al., 2006; Li et al., 2010; Moukhtar et al., 2011 ). An overview of existing 34 techniques to measure stable carbon isotope ratios of VOC is given in a recent paper (Gensch et 35 al., 2014) . 36
Most of the online techniques used for measurements of the stable carbon isotope 37 composition include a combination of a combustion interface (CI), a gas chromatograph (GC) 38
and an isotope ratio mass spectrometer (IRMS) (Matthews and Hayes, 1978) . In addition, for 39 gaseous compounds, sample purification, pre-concentration and separation steps are frequently 1 added Czapiewski et al., 2002; Iannone et al., 2007; 2 Iannone et al., 2010; Redeker et al., 2007) . While VOC analysis by GC-IRMS is well 3 established, collection of ambient VOC for the isotope analysis is challenging. One of the 4 requirements for accurate GC-IRMS measurements is sufficient mass, which is usually 3 ng to 5 5 ng of carbon for each analysed VOC (Goldstein and Shaw, 2003; Rudolph, 2007; Thompson, 6 2003) . Consequently, compounds that are present at low pptV levels need to be extracted from 7 30 L of air or more. Many of the currently reported stable carbon isotope ratio data for ambient 8 VOC were obtained using whole air sampling in stainless steel canisters, which is adequate when 9 measuring VOC at ppbV and high pptV mixing ratios such as for source studies or polluted areas 10
( Czapiewski et al., 2002; Redeker et al., 2007; Rudolph et al., 1997; Saito 11 et al., 2002) . However, collecting whole air samples with the large volumes required for 12 measurement of isotope ratios for VOC mixing ratios well below one ppbV is technically 13 challenging (Wintel et al., 2013) . 14 Cryogenic sampling has been used to collect VOC from very large volumes of air (Bill et 15 al., 2004 Iannone et al., 2007 Zuiderweg et al., 2011 A range of conditions were tested to identify optimum conditions. The flow rate of 3 the carrier gas was varied from 30 mL min -1 to 100 mL min -1 , the desorption temperature from 4 523K to 623 K, and the desorption time from 10 min to 50 min. 5 6 2.3.2 Two stage preconcentration 7 8
Desorbed VOC were cryogenically trapped from the helium gas flow using a custom 9 build two stage preconcentration system (TSPS) (Fig. 1 ) similar in design to the method 10 described by Rudolph et al. (1997 The two-position six-port valve was used to direct the gas and sample flow either through 21
Trap 1 (Position A) or bypassing it (Position B). At the start of the analysis sequence the six-22 port valve was set to Position B and the cartridge was flushed with pure helium for five minutes. 23
At the same time Trap 1 was cooled to 97 K. During desorption, the valve was set to Position A 24 and desorbed VOC were transferred in a flow of helium to Trap 1, where they were adsorbed on 25 the glass beads. At the end of this stage, Trap 2 was cooled to 97 K and the valve was rotated 26 back to Position B, directing the GC carrier gas through rapidly heated Trap 1 (423K) to Trap 2. 27
After seven minutes, Trap 2 was flash-heated to 493 K by applying approximately 2.5 V to the 28 1/16'' OD stainless steel tube for seven minutes, injecting the VOC into the GC column. For 29 testing purposes, temperatures of the traps were varied between 93 K and 123 K for trapping 30 and 393 K and 513 K for desorption. 31 32 2.3.3 Gas chromatographic separation and VOC combustion 33 34
The separation was performed in a HP5890 Series II gas chromatograph equipped with a 35 DB-1 column (100 m, 0.25 mm ID, 0.5 µm film thickness). The VOC were focused on the head 36 of the column at 298 K for ten min, then the oven was heated at 2 K min -1 to 323 K followed by 37 heating at 3K min -1 to 363 K and then at 10 K min -1 to 403 K. The column temperature was then 38 maintained at 403 K for ten minutes. At the end of each analysis the oven temperature was 39 raised to 473 K and kept at this temperature for ten to twenty minutes. Helium was used as 1 carrier gas with the flow rate controlled by an electronic pressure controller (EPC) at 2 approximately 2 mL min -1 . Once separated in the GC column, the column effluent was directed 3 either to the FID or the combustion interface by opening or closing a pneumatic valve as shown 4
in Fig. 1 . 5
The combustion interface consisted of a 1/4" ceramic tube (0.5 mm ID, 44 cm length) 6 with copper, nickel and platinum wires inside. Helium containing traces of oxygen was added as 7 a makeup gas at the inlet of the furnace to prevent peak tailing and to provide oxygen. During 8 analysis the interface was kept at 1223 K, and CuO and NiO formed on the wire surfaces 9 converted VOC into CO 2 and H 2 O. The oxide layers on the Cu and Ni wires were regenerated 10 every night by flushing the furnace and adjacent tubing with the He-O 2 mixture while reducing 11 the interface temperature to 823 K. A flow restrictor split ( , 1985) .
22
Peak integration was done manually using a method similar to that described by Rudolph 23 et al. (1997) . To minimize bias due to the manual definition of peak boundaries, each peak was 24 integrated ten times with start and end points varying every time by 0.1 s. This allowed verifying 25 that averaged delta values were not significantly biased by the choice of peak boundaries. All 26 target VOC, except p-and m-xylene, were completely separated. Due to their partial overlap the 27 peaks for p-and m-xylene were integrated together. 28
Throughout the run, reference CO 2 , calibrated relative to the V-PDB (Vienna Peedee 29 Belemnite) standard was introduced several times directly into the IRMS in pulses of 20 s to 40 s 30 duration. Between three and five reference gas injections were made while the pneumatic valve 31 was open and the flow from the GC column was directed to the FID at the beginning and at the 32 end of each run. Between four and seven injections were made between peaks during the 33 chromatographic separation while the flow from the GC column was directed to the combustion 34 interface and IRMS. 35 36 2.5 Validation tests 37 1
Gaseous test mixtures of target VOC were prepared in stainless steel canisters with VOC 2 mixing ratios in the ppbV to ppmV range by injecting known quantities of pure VOC and 3 diluting with helium. The VOC concentration in these test mixtures ranged from 0.1 ng cm -3 to 4 0.7 µg cm -3 (15 ppbV to 1.7 ppmV). All mixtures were quantified using a standard mixture of 5 VOC (ppbV levels) provided by the National Research Council of Canada (NRC). VOC used to 6 prepare gaseous mixtures, were individually combusted at high temperatures in vacuum sealed 7 tubes containing CuO. The resulting CO 2 was cryogenically separated, extracted and later 8 analysed by IRMS, using a dual-inlet system, to determine their δ 
Results and discussion 22
The components of the sampling and analysis system were tested under different 23 operational conditions. Here, the most important results of the optimization and validation tests 24 are presented and discussed. 25 26 3.1 Reproducibility, accuracy and linearity of the TSPS-GC-IRMS system 27 28
Performance assessment of the TSPS was based on injections of gaseous mixtures 29 directly into the TSPS. On average, the relative standard deviation (RSD, %) of peak areas from 30 repeat measurements (>10 repeats) was 5.3 %, with 4 % for alkanes and 6 % for aromatic 31 compounds. For all targeted compounds, calibration curves were constructed with intercepts for 32 regression set to zero, in most of the linear regression analysis the correlation coefficient (R 2 33 value) was >0.99. The intercept was set to zero since intercepts in linear regressions allowing 34 non-zero intercepts did not significantly differ from zero. An example of a calibration curve is 35 shown in Fig. 2 . The sensitivity of the GC-IRMS measurements was in the range of (1.2 to3.4) 36 × 10 10 ions ng -1 carbon. 37 Figure 3 shows the measured δ 13 C values as function of sample mass for aromatic VOC 1 and n-alkanes, also shown are the δ 13 C values from the offline analysis of bulk VOC. The 2 standard deviation for repeat measurements of online δ 13 C was mostly lower than 0.3 ‰, on 3 average 0.2 ‰ for >10 ng of alkanes and 0.3 ‰ for >1 ng of aromatics. Generally the standard 4 deviation was lower for higher masses. For masses exceeding 5 ng, the measured δ 13 C values 5 were independent of sample mass, but for lower masses, the measured values systematically 6 decreased with decreasing mass. The only exception was the combined measurement of p-xylene 7 and m-xylene, where the decrease in measured δ 13 C is already significant at sample masses 8 below 10 ng. This is most likely due to the necessity of a wider time window for integration of 9 the two overlapping peaks and the resulting greater impact of baseline drift and baseline noise. 10
For aromatic VOC offline and online values usually agreed for masses of more than 3 ng 11 to 5 ng per compound within the uncertainty of the measurements (Fig. 3) , however there was a 12 significant bias towards lower delta values for smaller masses. For alkanes a significant 13 difference between offline and online data was observed, even though both offline and online 14 tests displayed good reproducibility, with uncertainties well below the observed difference. Error in the δ 13 C in the test mixture can be due to loss or contamination during 27 preparation of the mixture or error in the off-line δ 13 C determination for the bulk n-alkanes. 28
Since the mixtures were not prepared for the purpose of calibrating concentration measurements 29 it is not possible to exclude or verify the existence of losses or contaminations from comparison 30 of peak areas or calibration curves. The uncertainty of conventional dual-inlet δ 13 C 31 measurements in carbon dioxide is much lower than the observed discrepancy in the n-alkane 32 carbon isotope ratios. However, incomplete oxidation of n-alkanes during the off-line 33 combustion of the bulk n-alkanes could result in significant carbon isotope fractionation. Since 34 n-alkanes are less reactive than benzene and alkylbenzenes, this would be consistent with the 35 absence of bias for aromatic VOC. 36
Bias in the GC-IRMS analysis can be caused by contamination or losses during 37 adsorption or desorption of VOC in the TSPS, problems in the chromatographic separation such 38 as peak tailing or baseline drift, and incomplete oxidation in the combustion interface. A 39 significant impact from contamination or artifacts can be ruled out since this would result in a 1 decrease of bias for high sample masses, which is not found (Figure 3 ). Although in principle 2 none of the other explanations can be ruled out, there is no direct evidence which would support 3 them. The good reproducibility of the measured n-alkane carbon isotope ratios would require 4 that any loss in the TSPS would be highly reproducible, which is unlikely and the tests of the 5 TSPS showed no indication for significant loss of n-alkanes in the TSPS. Except for n-pentane 6 there also is no indication for problems due to chromatographic separation, peak shape, or 7 baseline drift for n-alkanes. Due to the higher chemical stability of n-alkanes incomplete 8 oxidation in the combustion interface could result in isotope fractionation for n-alkanes without 9
influencing the results for aromatic VOC, although this would require inverse isotope effects for 10 the catalytic oxidation of n-alkanes in order to explain the bias towards higher carbon isotope 11 ratios. 12 13
Cartridge tests 14
The VOC masses observed for analysis of blank cartridges using desorption temperatures 15 in the range of 474 K to 573 K are listed in Table 1 (Table 2) . A flow rate of 50 mL to 80 mL was used for 26 most of the tests. Lower desorption temperatures and shorter desorption times (Table 2) resulted  27 in poor recovery of compounds of low volatility. However, the option of using very high 28 temperatures is limited since a prolonged exposure to high temperatures may result in a 29 degradation of the cartridge materials. Since recovery was, within the uncertainty of the 30 measurements, quantitative at 553 K and 40 min, these conditions were chosen as standard 31 desorption conditions. Table 3 shows the average recovery and its reproducibility for the chosen 32 standard conditions. 33
Sampling efficiency tests using two cartridges in series showed that for sample volumes 34 of up to 80 L, the second cartridge only contained between 2 % and 5 % of the mass found on the 35 first cartridge. These masses often were close to or below the detection limits and therefore only 36 provide an upper limit for breakthrough during sampling. 37
Capped sample-containing cartridges could be stored both at room temperature for a short 1 period and in a freezer for longer time with no significant loss of VOC (Fig. 4) . Generally the 2 change in mass during storage is less than 10 %. Similarly, the isotopic fractionation during 3 storage was less than 0.3 ‰ (Fig. 5) . The masses of VOC loaded for these tests were in the range 4 of 25 ng to 75 ng (Table 3) . 5 6 3.3 Ambient measurements 7 8
The newly developed method was applied in an ambient air quality field study in 2009 to 9 2010 (Kornilova et al., 2013) at Egbert, a semi-rural location in Southern Ontario. Details about 10 the sampling site can be found in Kornilova et al., 2013 . This paper also contains a detailed 11 discussion of the use of the measured VOC carbon isotope ratios to quantitatively evaluate 12 photochemical VOC processing. Therefore, the discussion here will be limited to aspects related 13 to performance of the analytical method. 14 Example chromatograms for the test mixture and an ambient sample are provided in Fig.  15 6. For ambient samples, it was found that n-pentane was subject to substantial peak overlap, 16 which prevents reliable peak evaluation. Therefore, to minimize the risk of contamination of the 17 combustion interface and the IRMS, monitoring the column effluent by IRMS started with 18 hexane. Otherwise all target compounds were well separated with the exception of p-xylene and 19 m-xylene, which were integrated as one peak. It should be noted that the change in time window 20 of monitoring the column effluent changes the retention times, especially for peaks eluting early 21 in the time window which is monitored by the IRMS. This is the result of a small counter 22 pressure at the end of the separation column which results from the gas-flow that is used to 23 prevent the column effluent from entering the combustion interface and the resulting lower 24 pressure difference between the head and the end of the separation column. 25
For most of the samples the peaks for n-octane, n-nonane, and n-decane corresponded to 26 masses below the lower limit of the linear range and for these compounds the number of 27 available data points is too small to allow calculation of meaningful averages. Problems with 28 peak evaluation due to small peak areas were not limited to the C 8 -C 10 n-alkanes, but occurred 29 less frequently for aromatic VOC. The total number of samples that could be analysed for δ 13 C 30 was 50 and the number of δ 13 C measurements available ranges from 46 for benzene to 26 for 31 hexane. 32 Table 4 gives an overview for concentrations and δ 13 C. A comparison between measured 33 δ 13 C and δ 13 C of typical urban VOC emissions, which are also included in Table 7 , shows that 34 the measured δ 13 C values generally are heavier than those of typical emissions. This is expected 35 since photochemical processing will typically result in enrichment of 13 C 36 Rudolph and Czuba, 2000) . The only exception is hexane; here the lower end of the δ 13 C values 37 are about 1.4 ‰ lower than the δ 13 C values of urban emissions, which is outside of the 38 uncertainty range of known urban emissions and the measurement precision. The possible bias of 39 n-hexane online measurements cannot explain this difference since a correction for a possible 1 bias derived from the difference between online and offline results (Fig. 3) would result in an 2 even larger difference, sometimes exceeding 3 ‰. This suggests the existence of a local or 3 regional n-hexane source with a δ 13 C value lower than typical urban emissions. The existence of 4 a substantial unidentified regional n-hexane source is consistent with n-hexane mixing ratios 5 which are often high compared to that of other VOC. It should be noted that the results for n-6 hexane may be biased towards samples at the higher end of mixing ratios due to the significant 7 number of samples for which reliable evaluation of δ 13 C was not possible. 8
Due to the relatively high sample mass needed for δ 13 C measurement by GC-IRMS bias 9 due to the problem of reliable evaluation of δ 13 C in samples with low concentrations is a 10 potentially significant problem. To evaluate this in more detail, we use results for aromatic VOC 11 where between 80 % and 90 % of the samples could be analysed for δ 13 C. Figure 7 shows the 12 dependence between measured δ 13 C and concentration for benzene and p,m-xylene. Compared to 13 the δ 13 C values of emissions, the samples are enriched in δ
13
C to various degrees. The number of 14 samples substantially enriched in δ
C is higher at low mixing ratios than at high mixing ratios. 15
Although no statistically significant overall trend can be determined due to the substantial 16 seemingly random variability of the data, the mean δ 13 C value for the lowest ten concentrations 17 is -23.1 ‰ ± 0.1 ‰ (error of mean) for benzene and -22.9 ‰ ± 0.9 ‰ for p,m-xylene, which 18 indicates a substantial difference to the average for all measurements, which is -25.2 ‰ ± 0.1 ‰ 19 and -25.4 ‰ ± 0.5 ‰ for benzene and toluene, respectively. This is a strong indication that 20
limitations in making precise δ 13 C measurements at very low mixing ratios can bias the average 21 measured δ 13 C towards lower values. The origin of such bias is easily understood, air with higher 22 mixing ratios of VOC is more likely to have been subjected to significant recent emissions than 23 clean air. 24 25 26
Comparison with existing methods 27 28
Due to the complexity of the existing methods used for sampling and measurements of 29 stable carbon isotope compositions of ambient VOC, the number of publications on method 30 development and ambient measurements and their interpretation is still quite limited. An 31 overview of existing methods has been given in a recent paper by Gensch et al. (2014) . All 32 methods for ambient measurements and emission studies use GC-IRMS for analysis of sampled 33 VOC, although often details of the chromatographic separation and combustion interface differ. 34
The main difference between the methods is the sampling and VOC enrichment procedure. This 35 is not surprising since the analysis of VOC carbon isotope ratios requires enrichment of VOC 36 from large sample volumes, which is technically challenging and may require substantial logistic 37 effort in field studies. 38
In principle, the lower limit of mixing ratios for which meaningful VOC carbon isotope 1 ratios can be conducted depends on the sample volume that can be used. This volume typically 2 ranges from several litres for whole air sampling to several hundred litres or more for cryogenic 3 sampling (Gensch et al., 2014 and references therein) . With sample volumes of up to 80 L, the 4 method developed in this work allows collection of significantly larger samples than methods 5 using whole air sampling, but not for the extremely large sample volumes that can be used by 6 some cryogenic methods (Bahlmann et al., 2011; Bill et al., 2004; Iannone et al., 2007) . 7
However, the adsorptive sampling method described in this paper requires less expensive 8 instrumentation than cryogenic sampling and can be conducted in the field with instrumentation 9 that is similar in requirements (electrical power, weight, storage, shipment) to whole air sampling 10 in pressurized containers. 11 While adsorptive sampling as described in this paper allows use of larger air sample 12 volumes than whole air sampling, it has some other limitations. Each sample can only be 13 analysed once, this can be a problem in cases where the mixing ratios in the sampled air is highly 14 variable or the range of mixing ratios expected is unknown, such as in many emission studies. 15
Due to the limited dynamic range of IRMS measurements, sampled VOC masses may be outside 16 of the dynamic range and thus lost. Whole air samples, in principle, allow repeat runs of the 17 same sample using different volumes or IRMS settings. This is very useful for samples with high 18 VOC concentrations, but of limited value for very low concentrations since existing methods for 19 whole air sampling do not provide sufficient sample volume for several measurements at sub-20 ppbV levels. 21
Collection of whole air samples typically requires less time than adsorptive or cryogenic 22
sampling. This can be a significant advantage if sampling time is limited, for example in airplane 23 based sampling. On the other hand, adsorptive sampling can easily provide samples that are 24 integrated over long time periods. For example, our study at Egbert used 24 hour sampling 25 periods, which allows determination of representative averages without the necessity to collect 26 and analyse an extremely large number of samples. Finally, adsorptive sampling is not suitable 27 for collection of VOC with very high volatility such as C 2 or C 3 hydrocarbons. 28
The reproducibility of isotope ratio measurements for our newly developed method is 29 better than 0.5 ‰, similar to that of other state-of-the-art methods for measurement of δ 13 C in 30 ambient VOC (Czapiewski et al., 2002; Eckstaedt et al., 2012; Kawashima and Murakami, 2014; 31 Rudolph et al., 1997; Saito et al., 2009; Turner et al., 2006; Wintel et al., 2013) , however the 32 lower limit of concentrations for which this precision can be achieved is significantly lower than 33 that achieved by these other methods. 34
Tests of accuracy for δ 13 C measurements of aromatic VOC demonstrate that there is no 35 detectable bias, similar to the findings in several other studies (Czapiewski et al., 2002; 36 Eckstaedt et al., 2012; Rudolph et al., 1997; Saito et al., 2009 ). However, for n-alkanes the GC-37 IRMS results differ from the offline values for bulk material used to prepare test mixtures by 38 approximately 2 ‰. Unfortunately there are not many published tests of the accuracy of δ 13 C 39 measurements for C 6 and heavier n-alkanes in air. Rudolph (2007) summarized results from 1 similar sets of comparisons, which included a wide range of n-alkanes and concluded that in 2 most cases offline and online δ 13 C values agree within the uncertainty of the GC-IRMS 3 measurement. However, in a few cases differences in the range of 1 ‰ were observed, although 4 these differences were statistically not significant. 5 6 4. Summary and conclusions 7 8
The newly developed method for analysis of atmospheric VOC allows measurement of 9 δ 13 C of light aromatic hydrocarbons with an accuracy and precision of better than 0.5 ‰ for 10 mixing ratios in the lowest pptV range. For n-alkanes a similar precision could be achieved, but a 11 systematic bias of up to 2 ‰ is possible. tests. This supports the necessity for creating reference materials for isotope ratio analysis of 32 organic compounds in the atmosphere as pointed out by Gensch et al. (2014) . 33
The measurements conducted over a semi-rural area demonstrate the importance of 34 accurate measurements at low mixing ratios to avoid bias and lack of representativeness of the 35 measurements. Higher mixing ratios often are the result of substantial impact of nearby sources 36 and therefore have carbon isotope ratios close to the isotopic composition of emissions. Inability 37 to measure δ 13 C for VOC at low mixing ratios therefore will bias the δ 13 C observations towards 38 the source composition and therefore underestimate the role of chemical processing, which 1 results in enrichment of 13 C. 2
Overall, the simplicity and affordability of the developed sampling and sample 3 processing system is a valuable step towards the possibility of a wider application of stable 4 carbon isotope measurements in studies of ambient VOC. However, it should be noted that GC-5 IRMS instrumentation is still demanding and expensive. Nevertheless, due to the option to 6 collect VOC from large volumes of air that results in larger sample masses, the need for highly 7 sensitive GC-IRMS instrumentation might not be critical. This is an important step towards 8 establishing VOC isotope ratio measurements as a standard technique in atmospheric chemistry. 
